We study the ferromagnetism of La 0.67 Ca 0.33 MnO 3 in bulk polycrystalline, nanocrystalline and amorphous phase. The structural change from crystalline phase to amorphous phase exhibited a systematic decrease of T C (paramagnetic to ferromagnetic transition temperature) and spontaneous magnetization (M S ). The experimental results suggested few more features, e.g., appearance of large magnetic irreversibility in the temperature dependence of magnetization, lack of magnetic saturation at high magnetic field, blocking of magnetization below T B , and enhancement of coercivity. In addition, the magnetic phase transition near to T C has changed from first order character in bulk sample to second order character in nanocrystalline and amorphous samples. We understand the observed magnetic features as the effects of decreasing particle size and increasing magnetic (spin-lattice) disorder. We noted that magnetic dynamics of amorphous samples is distinctly different from the nanocrystalline samples. The ferromagnetism of amorphous samples are comparable with the properties of reported amorphous ferromagnetic nanoparticles. We also demonstrate the effect of disorder shell in controlling the dynamics of ferromagnetic cores.
I. INTRODUCTION
LaMnO 3 and CaMnO 3 are two typical antiferromagnets of perovskite structure with T N ∼ 140 K and 130 K, respectively [1] . The mixed compounds La 1−x Ca x MnO 3
[(La 3 ] have shown a rich magnetic phase diagram both in hole doped (x < 0.5) and electron doped (x > 0.5) regions [1, 2, 3] . The hole doped and electron doped regions are dominated by Mn 3+ (3d 4 ) and Mn 4+ (3d 3 ) ions, respectively. The other important aspect of these manganites is to understand the colossal magnetoresistance (CMR) below room temperature [4] . Although CMR properties have been discussed in terms of double exchange (ferromagnetic) interactions between Mn 3+ -O-Mn 4+ ions, but double exchange (DE) interactions alone can not explain the complete mechanism of CMR effect.
Recently, many magnetic (spin-lattice) disorder effects, e.g., Jahn-Teller distortion (due to the presence of Mn 3+ ), and electron-phonon coupling (due to the lattice strain and deformation of Mn 3+ -O-Mn 4+ bonds), were considered for CMR manganites [5, 6] . Most of the literature works have attempted to study the roles of magnetic disorder by cation (La or Mn)
substitution [6, 7, 8] . interactions may result in the freezing of magnetic domains or phase separation phenomena in manganites [8, 9] .
The present compound La 0.67 Ca 0.33 MnO 3 (LCMN) is a ferromagnet with T C reported over a range 250 K to 285 K [8, 9, 10, 11] . The understanding of magnetic phase transition near T C of LCMN, whether first order or second order, is an issue of recent interest [12, 13, 14, 15, 16] .
The study of ferromagnetic ordering of LCMN about T C could be relevant to get insight of the CMR behaviour in many magnetic oxides. La 0.67 Ca 0.33 MnO 3 is a Mn 3+ (3d 4 ) rich compound, where crystal field splits the five-fold degenerate 3d 4 levels into t 3 2g and e 1 g levels. The effective ferromagnetic coupling (J H ) between e g electrons (spin= 1/2) and t 2g electrons (spin= 3/2) of on-site (Mn) is much more stronger than the hopping interaction (t 0 ij ) of the e g electrons between holes of neighbouring Mn 4+ (3d 3 ) at sites, i and j [17] . The AndersonHasegawa relation [18] (t ij = t 0 ij cos(θ ij /2)) suggests that the effective hopping interaction (t ij ) depends on the relative angle θ ij between the spins of neighbouring sites.
In our opinion, the effect of θ ij on the effective exchange interactions can be best studied 3 by reducing the particle size of manganites into nanometer scale, where shell (surface) spins of the nanoparticle are expected to be more disordered in comparison with the core spins.
Recently, spin polarized tunneling between two grains (cores) via grain boundaries (shells) [19, 20] has been proposed to explain the large magnitude of low field magnetoresistance (MR) in manganite nanomaterials. A proper knowledge of magnetic interactions between core-shell spins would be useful to realize the inter-grain tunneling of polarized spins, as well as the effect of disorder on double exchange ferromagnetism. A few reports are available to demonstrate the underlying physics of CMR manganites by reducing the particle size in the nanometer scale [10, 21, 22, 23, 24] . A better understanding of magnetic disorder effects, related to the grain and grain boundaries, can be achieved by comparing the properties of a CMR manganite in different structural (i.e., bulk polycrystalline, nanocrystalline and amorphous) phase [25, 26] . It will be interesting to study, to what extent, the properties of disordered magnets, such as spin glass, cluster glass, superparamagnetism and short-ranged magnetic ordering above T C , are affected by the structural disorder in the amorphous phase of a ferromagnetic manganite. In the present work, we have highlighted such magnetic aspects in La 0.67 Ca 0.33 MnO 3 as a function of particle size, both in crystalline and amorphous phase.
II. EXPERIMENTAL
The stoichiometric amounts of high purity La 2 O 3 , CaCO 3 , MnO 2 oxides have been mixed to obtain the bulk La 0.67 Ca 0.33 MnO 3 . The mixture has been ground for 2 hours and pel- We have seen the decrease of both a and c with milling time, whereas b increases. Over all, cell volume increases with the increase of milling time. The XRD line broadening in milled samples can be attributed to an effect of either increasing amorphous phase or decreasing particle size in the material. To get a quantitative estimation of retaining crystalline phase in the milled samples, the intensity of (200) peak line of all the samples is divided by (200) peak intensity of bulk sample (Fig. 1b) . The relative peak intensity (shown in Table I ) is significantly reduced for milling time more than 98 hours and approaching to zero value at higher milling time (e.g., ∼ 3% for mh200 sample). The structural change can be followed by denoting the bulk sample as polycrystalline (peak intensity 100%), the sample with relative peak intensity between 90-10 % as nanocrystalline, the sample with relative peak intensity ≤ 5 % as amorphous, and the sample with relative peak intensity between 9-6 % as nanocrystalline phase coexisting with amorphous phase. On the other hand, average size of the material (shown in Table I ) from TEM micrographs is not monotonically decreasing with the increase of milling time (size ∼ 65 nm, 12 nm and 90 nm for mh25, mh61, and mh200 samples, respectively). The results suggested the appearance of grain growth kinetics at milling time ≥ 98 hours, whereas the appearance of a large fraction of amorphous phase after milling time ≥ 98 hours is evidenced from the broad hump in XRD spectrum. The SEM pictures ( Fig. 2a-c) suggest a relatively smooth surface of bulk sample in comparison with milled samples. The change in surface morphology is understood from the breaking of µm size (1µm to 10µm) particle size of bulk sample into the nanometer range for mechanical milled samples. This is confirmed from SEM pictures, as well as TEM pictures. The estimated size of particles from SEM pictures is larger due to agglomeration of particles.
The elemental composition and impurity effect during mechanical milling have been checked from EDAX spectrum. Fig. 2d-f shows the spectrum of selected samples. The spectrum has been recorded at 10 different points for each sample over a zone of 125µm x 125µm.
The spectrum indicated the presence of La, Ca, Mn and O as main elements in the samples.
The spatial homogeneity of elements is also seen from the elemental mapping (data not shown in our samples with δ ∼ 0.1 for mh200 sample. We do not find any significant amount of impurity during mechanical milling for mh61 sample. However, a small amount (less than 3 atomic %) of Si impurity is detected in mh200 sample.
B. ac susceptibility
The real (χ ′ ) and imaginary (χ ′′ ) parts at 10 Hz for selected samples are shown in Fig. 3 .
The χ ′ of bulk sample increases sharply at about T m ∼ 270 K, followed by a slow decrease C. dc magnetization
Temperature dependence of dc magnetization
The temperature dependence of ZFC and FC magnetization at 100 Oe are plotted in We understand the nature of magnetic exchange interactions from the analysis of temperature dependence of inverse of dc susceptibility (χ −1 = H/M) curves at H = 100 Oe (Fig. 6 ).
The high temperature (T ≥ 300 K) data of bulk sample are fitted with simple Curie-Weiss law: Another aspect is that the non-linear (slightly up curvature) variation of χ −1 (T) data above 260 K for bulk sample can be fitted using
with γ = 1.20 and θ w ∼ 260 K. It is remarkable to note that χ −1 (T) plots of milled samples show different character in comparison with bulk sample. First, we fit the data (T>275 K) using simple Curie-Weiss law. The fit parameters of Curie-Weiss law (µ, θ w ) are shown in Table II . The hyperbolic shape of χ −1 (T) (with down curvature) below 300 K suggests that milled samples belong to the class of either ferrimagnet or double exchange ferromagnet [18] . The χ −1 (T) data in the temperature range 240 K-340 K are fitted with the following equation, generally applied for ferrimagnet [31] .
In our fitting method, we freely allow the parameters (θ 1 , C ef f (µ ef f ), ξ and θ 2 ) to take initial values. As soon as the fitted curve comes close to the experimental curve, we start to restrict the parameters one by one, except ξ, to obtain the best fit curve. The main panel of Fig. 6 suggests a good quality fit according to equation (3) . The fit parameters are shown in Table II . A comparative fits of equation (1) and (3) for mh61 sample suggests that equation (1) may be well valid at higher temperature, but equation (3) is more appropriate to describe the magnetic behaviour over a wide temperature range. The interesting point is that the change of effective moment with the milling time is identical, as obtained from simple Curie-Weiss law (equation 1) and from equation (3), except the magnitude of µ ef f is larger than µ. In both cases, the effective moment increases with milling time upto 61 hours (nanocrystalline samples) and for milling time ≥ 98 hours the effective moment, again, decreases and attaining a constant magnitude for the amorphous (mh146 and mh200) samples.
The relatively large effective magnetic moment from equation (3) may be involved to the accuracy of fit parameters in the limited temperature range or the clustering of moments in the paramagnetic state [32, 33] . This limits the use of µ ef f for quantitative discussion.
However, µ can be used for the qualitative understanding of paramagnetic moment with milling time.
Field dependence of dc magnetization
The field dependence of magnetization of the samples are studied at different temperatures. The magnetization is measured at 10 K with field range ± 70 kOe, but M(H) data are shown within H= ± 3 kOe for the clarity of Fig. 7a . We have noted some typical features of coercive field H C (where magnetization reverses its sign), irreversible field H irr (where the loop open below this specified field) and remanent magnetization M R (which represents the residual magnetism after making the field to zero value either from +70 kOe or -70 kOe) and the energy product (proportional to the hysteresis loss or loop area), defined by H C xM R .
Both H C and H irr (in Fig. 7b ) showed a rapid increase in the initial stage of milling time (nanocrystalline samples) and then, approaching to a constant value after 98 hours (amorphous samples). The increase of H C is related to the increasing anisotropy energy of the material, whereas the increase of H irr is related to the increasing magnetic disorder in the material. The initial increase of M R for mh25 sampple is followed by a gradual decrease with milling time ≥ 61 hours. However, energy product (H C xM R ) for the nanocrystalline samples is large compared to bulk sample, but decreases for the samples in amorphous phase. Similar variation of energy product has been found in magnetic nanocomposites, consisting of soft (core) and hard (shell) components [34] . Inspite of the same order of energy product for both bulk and amorphous (mh200) samples, the experimental result indicated that coercivity of soft ferromagnet (∼ 30 Oe for bulk) can be enhanced (∼ 540 Oe for mh200) by making the material in amorphous phase. time. This is the signature of increasing disorder effect in the material [35] . We obtain the spontaneous magnetization for these samples from the polynomial fit of high field data. The polynomial fit is shown in Fig. 9a for mh98 when lattice structure of the bulk ferromagnet changes into nanocrystalline and amorphous phases. The Rhodes-Wohlfarth (P C /P S vs. T C ) plot [38] plot is shown in the inset of Fig   10 , where P S = M S (0) per f.u. and effective magnetic moment per f.u. µ 2 ef f = P C (P C +2) gives P C . The plot shows that P C /P S for all the samples is larger than the typical value 1 for pure localized magnetism. The increase of P C /P S with the decrease of T C (P C /P S = 1.25, 46.29 and T C = 281 K, 212 K for the bulk and mh200 samples, respectively) suggests the probability of increasing itinerant character in the ferromagnetic properties of milled samples in comparison with localized magnetism of bulk sample [39] .
IV. DISCUSSION
We have employed mechanical milling to transform bulk La 0.67 Sr 0.33 MnO 3 into different lattice structures. We preferred discontinuous milling of the material. The milling procedure was stopped in every 6 hours interval for proper mixing of the milled powder and to minimize the agglomeration effect of particles. We are able to reduce the particle size down to 12 nm for milling time 61 hours and grain growth kinetics appeared at higher milling time. In contrast, there is a systematic change of lattice structure with milling time from bulk polycrystalline to nanocrystalline and amorphous phase. It is interesting to note that particle size of mh25 (65 nm) and mh146 samples (60 nm) are nearly same order, but mh25 sample is more crystalline (87%) than mh146 sample (5%) and their magnetic properties are drastically different from each other. This indicates that local heating during mechanical milling upto 200 hours is not sufficient to exhibit the milling induced crystallization effect [40] . A small amount of Si contamination (less than 3 atomic %) from the agate bowl and balls has been observed at higher milling time (200 hours). Considering the non-magnetic character of Si atoms, the effect of such small amount of impurity can be treated as some additional disorder in the lattice structure whose magnetic effect is negligible. In fact no significant amount of contamination is found for mh61 sample, but magnetic properties are significantly changed with respect to bulk sample. Hence, we discuss the ferromagnetism of La 0.67 Ca 0.33 MnO 3 in terms of particle size reduction and lattice disorder.
First, we understand the magnetic ordering of bulk La 0.67 Ca 0.33 MnO 3 . The T C is, generally, determined from the ac susceptibility peak temperature or the temperature where dc magnetization sharply increases or the temperature where spontaneous magnetization becomes zero and all these temperatures are nearly same for a long ranged ferromagnet. In the present work, ac susceptibility (χ ′′ ) shows a sharp peak at ∼ 270 K, the dc magnetization (at 100 Oe) sharply increases at about 275 K, and M S (T) data indicated a non-zero value of spontaneous magnetization below 281 K. These results clearly suggest that bulk sample is not in pure ferromagnetic phase below T C ∼ 281 K (determined from M S (T) data). This is also confirmed from other experimental facts. For example, the fit exponent γ = 1.22 from equation (2) is larger than the mean field theory predicted value (∼ 1) for second order magnetic phase transition. However, the obtained value of γ falls in the range 1 to 1.36, which has been reported for first order magnetic transition [12, 13] . [32, 43, 44] . Our magnetization data clearly indicated that most of these clusters are melting in the ferromagnetic matrix due to strong ferromagnetic interactions [16, 43, 45] when the temperature decreases below 270 K.
The remaining fraction of clusters freezes into local magnetic states at lower temperature, which is evidenced from the χ ′′ peak at ∼ 40 K. This is due to the high sensitivity of χ (1), is positive for all the milled samples, except the decreasing magnitude with the increase of milling time (e.g., θ w ∼ 240 K and 30 K for mh25 and mh200 samples, respectively). The positive value of θ w suggested that double exchange ferromagnetic interactions are, still, sfficiently strong [18] in the milled samples of La 0.67 Ca 0.33 MnO 3 . On the other hand, equation (3) is applicable for ferrimagnetic materials, consisting of two magnetic sublattices of antiparallel directions [31, 35] , where extrapolation of high temperature χ −1
(T) data is expected to intersect the temperature axis at negative value. Table II with increasing milling time. This means slight oxygen deficiency may have a minor role in disturbing the double exchange ferromagnetic interactions in the present sample, but its effect is not enough to explain all the observed magnetic change in nanocrystalline and amporphous samples. Another source of disorder in the material may be originated from the mechanical strain induced effect [49] , confined in the shell of nanoparticle. A typical variation of coercivity in our samples (i.e., initial increase is followed by almost no change at higher milling time) suggests that strain induced disorder is saturated at higher milling time, whereas the magnetic behaviour of amorphous phase samples (milling time more than 98 hours) is found to be markedly different from the nanocrystalline samples (milling time more than 98 hours). Hence, mechanical strain induced disorder may not be the sufficient cause for increasing fraction of antiferromagnetic exchange interactions/disorder with the increase of milling time that is suggested from the fit of equation (3). Here, we would like to state that coercivity of the material may be saturated at higher milling time, but irreversible field H irr is continuously increasing with milling time. Cosidering irreversible field H irr as a good indicator of disorderness in magnetic nanoparticle, we suggest that imparted mechanical energy at higher milling time is being used to create mainly lattice disorder in the material. The fact is confirmed from the structural transformation of nanocrystalline phase into amorphous phase for milling time more than 98 hours. On the other hand, similar type variation of coercivity was observed in many materials [50] , consisting of ferromagnetic particles surrounded by antiferromagnetic matrix. Coupling the core-shell structure of nanopaticles [46] and increasing lattice disorder in the material, we assume that a large number of ferromagnetic clusters (cores) are coexisting in the disordered matrix (contributed by shell spins and lattice disorder) of mechanical milled (nanocrystalline and amorphous)
samples. This picture is different from the bulk sample where a few number of short-ranged interacting clusters coexist in the long ranged ferromagnetic matrix. We propose a schematic diagram in Fig. 11 to represent the change of core-spin configuration as a consequence of increasing disorder in the material. We have also compared the spin-lattice configuration of polycrystalline sample (order in both spin and lattice) ( Fig. 11a ) with nanocrystalline (shell spin disorder and small lattice order) (Fig. 11b ) and amorphous (disorder in both spin and lattice) (Fig. 11c) samples. We suggest that ferromagnetic coherent length is confined within the cores and ferromagnetic order is disturbed in the shell part. On the other hand, lattice disorder is spreading in both shell and core parts of the nanoparticles.
The above discussion suggests that the decrease of particle size in the nanometer range alone is not sufficient to controll the magnetic properties of La 0.67 Ca 0.33 MnO 3 in nanocrystalline and amorphous phase, but increasing lattice disorder also playing an important role in determining the magnetic parameters. The experimental results indicated that ferromagnetic (spin-spin) interactions are sufficiently strong even in the amorphous phase of the material.
The low temperature decrease of magnetization (both in ac and dc susceptibility) occurs due to the blocking/freezing of ferromagnetic cores in the disordered matrix [47] . The is significant to note that blocking behaviour becomes prominent for higher milling time as an effect of increasing lattice disorder, but not due to an effect of decreasing particle size.
The rapid increase of lattice disorder causes a sharp decrease of spin-lattice interactions with milling time and controlling a drastic reduction of T C (∼ 281 K for bulk to 212 K for mh200) and spontaneous magnetization at 0K (∼ 3.6 µ B for bulk to 0.1 µ B for mh200). To our knowledge it is not clear, why first order ferromagnetic phase transition of bulk LCMN sample transforms into second order character in nanomaterials. The existence of shortranged interacting clusters in the ferromagnetic matrix may be playing a major role for first order phase transition in bulk LCMN sample. This is not true for milled samples, because first order character is not seen, although increasing number of magnetic clusters (cores) is realized from the magnetic measurements. The nature of magnetic phase transition may be very much sensitive to the disturbance of spin-lattice interactions of bulk sample [11] . The origin of magnetic phase transformation in our milled samples is, most probably, related to the dilution of spin-lattice interactions and change in cluster(core)-matrix (shell) configuration. The Rhodes-Wohlfarth (P C /P S vs. T C ) plot suggested that itinerant character of La 0.67 Ca 0.33 MnO 3 ferromagnet increases with milling time. Inspite of the non-monotonic variation of µ (hence P C ) with milling time, the ratio of P C /P S continuously increases. This suggests that decrease of P S , mainly from shell spins, played a dominant role in determining P C /P S and increasing fraction of shell spins may be the probable source of itinerant spin moments. The experimental evidence of itinerant ferromagnetic character due to shell spins may be realized from the large low field magnetoresistance (MR) in manganite nanomaterials, as reported in Ref. [19, 20] . The itinerant character of shell spins is activated by the weakening of spin-lattice coupling [51] and excitation of spins to higher energy states as an effect of mechanical strain induced anisotropy. The other magnetic features of the amorphous samples, i.e., lack of magnetic saturation and magnetic irreversibility, are consistent with reported amorphous ferromagnetic nanoparticles [25, 26] . The distinction between nanoparticle magnetism and amorphous magnetism, and properties related to structural and spin disorder, can be understood by extending similar experimental work to other systems. The concept of ferrimagnetism is applied to understand the core-shell magnetism in La 0.67 Ca 0.33 MnO 3 ferromagnetic nanoparticles. The inset shows Rhodes-Wohlfarth plot (P C /P S vs. T C ) for the samples. P C and P S are derived from the effective magnetic moment (P eff (µ B )) and M S (0)(µ B ) per formula unit. The notations: PCR, NCR and AMP are mentioned in Table 1 . 
